The lack of significant progress in the treatment of epithelial ovarian cancer (EOC) underscores the need to gain a better understanding of the processes that lead to chemoresistance and recurrence. The cancer stem cell (CSC) hypothesis offers an attractive explanation of how a subpopulation of cells within a patient's tumour might remain refractory to treatment and subsequently form the basis of recurrent chemoresistant disease. This review examines the literature defining somatic stem cells of the ovary and fallopian tube, two tissues that give rise to EOC. In addition, considerable research has been reviewed, that has identified subpopulations of EOC cells, based on marker expression (CD133, CD44, CD117, CD24, epithelial cell adhesion molecule, LY6A, ALDH1 and side population (SP)), which are enriched for tumour initiating cells (TICs). While many studies identified either CD133 or CD44 as markers useful for enriching for TICs, there is little consensus. This suggests that EOC cells may have a phenotypic plasticity that may preclude the identification of universal markers defining a CSC. The assay that forms the basis of quantifying TICs is the xenograft assay. Considerable controversy surrounds the xenograft assay and it is essential that some of the potential limitations be examined in this review. Highlighting such limitations or weaknesses is required to properly evaluate data and broaden our interpretation of potential mechanisms that might be contributing to the pathogenesis of ovarian cancer.
Introduction
Epithelial ovarian cancer (EOC) is the most lethal gynaecologic cancer, with a mortality rate of O60%. Only a very small improvement in overall survival from EOC has been realised in the last 25 years (Lowe et al. 2013) . This high mortality rate and lack of tangible progress in the treatment of this disease are due, in large part, to the frequent diagnosis of the disease at advanced stages and the almost inevitable emergence of chemoresistant disease.
One model that has emerged to explain the chemoresistant fraction of EOC cells is the 'Cancer Stem Cell Hypothesis' (Rahman et al. 2011) . At the core of the cancer stem cell (CSC) hypothesis is the prediction that human cancers, like their tissues of origin, have a small fraction of cells which have stem-like properties. These 'CSCs', often found to display chemoresistance, have unlimited proliferative potential through self-renewal, but can also differentiate to generate cells with limited proliferative potential that form the bulk of the tumour. Owing to the potential to self-renew residing only in this stem-like population, only these CSC can propagate the disease. Based on this strict paradigm, therapeutic interventions would need only to target the CSCs to halt the unlimited progression of the disease.
One optional facet of the CSC hypothesis is the role of the normal somatic stem cell in the aetiology of the cancer. One generalised view is that cancers develop following the transformation of the somatic stem cell in their tissue of origin. Alternatively, cancer cells may be the result of transformation of more differentiated cells that acquire properties, including self-renewal, that mirror the tissue somatic stem cell. This potential relationship between the putative CSC and the adult tissue stem cell provides an impetus to better understand the cell of origin of EOC.
This review first describes relevant approaches that have been used to identify and purify putative somatic and CSCs. Subsequently, progress in the identification of somatic stem cells within the ovarian surface epithelium (OSE) and the fallopian tube epithelium (FTE), two tissues implicated in the origin of high-grade serous EOC (HGSEOC), has been reviewed. In addition, key research that has tried to define ovarian CSCs or tumour-initiating cells (TICs) has been summarised, although the role of CSC in chemoresistance and novel strategies to target CSC, the subject of recent reviews (Ahmed et al. 2013 , Zhan et al. 2013 , have not be addressed. Finally, while the CSC hypothesis describes a simple paradigm, the underlying complexities of the assays used to define CSC or TICs are often not discussed. Importantly, this review addresses these underlying complexities by stepping outside research focused solely on EOC to examine some of the controversies surrounding the methods used to validate the CSC model. Understanding the limitations and the underlying complexities of these methods will help to guide a more accurate understanding of the roles of CSC or TICs in HGSEOC.
Approaches for identifying somatic and CSCs
The search for ovarian/fallopian somatic stem cells and ovarian CSCs has largely been based on the exploitation of properties that are associated with 'stemness' in other systems, notably the relative quiescence of somatic stem cells and the expression of specific 'stemness' markers.
Labelling of quiescent somatic stem cells
The chromatin of dividing cells can be labelled either by incorporation of bromodeoxyuridine (BrdU) into newly synthesised DNA or the integration of the fluorescent histone H2B GFP fusion protein (H2B-GFP) into the core histones of newly formed chromatin. A sufficiently long labelling period (exposure to BrdU or transient induction of H2B-GFP expression) allows labelling of not only proliferative cells, but also a subset of the somatic stem cells that divide during this period. While differentiated post-mitotic cells do not label and proliferative cells lose their DNA or chromatin label during subsequent rounds of replication once the label has been removed, the somatic stem cells remain labelled for extended periods of time due to their relative quiescence and can be visualised in situ as label-retaining cells (LRC). While LRC define a subset of the somatic stem cells that replicated during the labelling phase, they may also identify proliferative cells that exited the cell cycle during or immediately following the labelling phase. Therefore, while LRC provide a tentative indication of stemness, additional biological evidence is essential to support this conclusion.
Identification of somatic and CSCs by marker expression
The search for the markers of ovarian CSCs or the corresponding somatic stem cells has exploited the expression of markers defined in other cancer/somatic stem cell systems. Markers that have played a role in defining ovarian cancer/somatic stem cells include markers assayed by function (SP analysis and Aldefluor assay) or by cell surface expression (CD44, CD133, CD24, EPCAM, CD117, LY6A, LGR5). Although the exact mechanistic roles of many of these markers in ovarian CSC have not been established, a brief description of these markers and their potential biological functions, when known, are presented below.
Side population
Embryonic, somatic stem cells and CSC have frequently been observed to express heightened levels of the ATPbinding cassette (ABC) family of transporter proteins such as ABCG2 (Zhou et al. 2001) . Elevated ABCG2 expression may serve to protect the genome of stem cells through the efflux of endogenous compounds which contribute to the elevated levels of reactive oxygen species, which in turn can lead to increased DNA damage (Dean et al. 2005) . The cells with high levels of ABCG2 are able to efflux a variety of drugs, and can be identified and purified by FACS because of a 'SP' of cells that exhibit low Hoechst staining due to efflux of this fluorescent dye (Golebiewska et al. 2011) . SP cells have frequently been found across many research platforms to enrich for cells with stem-like properties (Challen & Little 2006) .
Aldefluor
Aldehyde dehydrogenase (ALDH) enzymes catalyse the oxidation of aldehydes into carboxylic acids and are encoded by 19 different isoforms in human (Marcato et al. 2011) . A subset of ALDH isoforms, most notably ALDH1A1, has been found to be upregulated in somatic and CSCs and may play roles in the detoxification of aldehydes, retinoic acid signalling and other cellular processes (Marcato et al. 2011) . A fluorescent substrate of ALDH, Aldefluor, allows the identification and purification of ALDH1-expressing cells (Storms et al. 1999) . ALDH activity, measured by Aldefluor, has been shown to be a useful marker for somatic and CSCs in a broad variety of systems (Marcato et al. 2011) .
CD44
CD44, the hyaluronate receptor, has been frequently implicated as a marker of both somatic and CSCs (Zoller 2011) . Understanding the role of CD44 in CSCs is complex, given the potential for numerous alternatively spliced transcripts generating distinct cell surface membrane proteins (Fig. 1 ). CD44 is a dynamic molecule in which variable exons can introduce new functionalities into the expressed protein and proteolytic cleavage of membrane-bound CD44 can release both an extracellular soluble form as well as an intracellular domain (Okamoto et al. 2001 , Williams et al. 2013 . Similar to NOTCH, CD44 is a substrate of g-secretase, and the released intracellular domain bearing a nuclear localisation signal is able to enter the nucleus and participate directly in transcriptional control mediated by the transcriptional coactivator CBP/p300 (Nagano & Saya 2004) . Despite the importance of 
CD133
CD133, or prominem-1, encodes a transmembrane protein of unknown function (Grosse-Gehling et al. 2013) . While not analysed in depth in EOC models, different CD133 isoforms can be generated through the use of alternate promoters, alternative splicing and altered glycosylation. Immunodetection of CD133 may not always reflect protein levels as epitope masking may prevent antibody binding under certain conditions as has been observed for the commonly used AC133 antibody (Grosse-Gehling et al. 2013) . Despite these caveats, CD133 has emerged as an important marker defining the subpopulations of cells with enriched CSC phenotypes (Grosse-Gehling et al. 2013) .
CD24
CD24 encodes a glycosylphosphatidylinositol-linked cell surface ligand for P-selectin. CD24 mediates the adhesion of tumour cells with activated endothelial cells and platelets which express P-selectin. The expression of CD24 in numerous human cancers and its role in metastasis underpin the interest in its potential role as a CSC marker. CD24 expression has been used as both a positive and negative marker for CSCs (Jaggupilli & Elkord 2012) .
Epithelial cell adhesion molecule
Epithelial cell adhesion molecule (EPCAM) is a transmembrane molecule that plays a role in cell adhesion, migration and proliferation. EPCAM participates in epithelial tight junctions and can also be cleaved by proteases, including g-secretase, to release both an extracellular domain and an intracellular domain which translocates to the nucleus to play a role in transcription (Imrich et al. 2012) . While cell surface expression of EPCAM serves as a potential marker of CSC, its role in CSC may be mediated by the intracellular domain (Imrich et al. 2012) .
CD117
CD117, encoded by the c-KIT proto-oncogene, is the tyrosine kinase receptor for stem cell factor. CD117 initiates a broad program of signal transduction which mediates cell survival, migration and proliferation (Lennartsson & Ronnstrand 2012) . Interest in CD117 as a putative marker of stem cells derives from both its biological functions as well as its observed expression in primordial germ cells (Hoyer et al. 2005 ) and hematopoietic stem cells (Okada et al. 1991) . 
LY6A
LY6A encodes a glycosylphosphatidylinositol-linked cell surface antigen of largely unknown function. While LY6A is frequently used to identify stem and progenitor cells in mouse, LY6A does not have a human homolog, restricting the use of this marker to murine studies (Holmes & Stanford 2007) .
LGR5
LGR5, encoded by a WNT-target gene, was first recognised as a marker of intestinal stem cells (Barker et al. 2007 ).
LGR5 and its ligand, R-spondin, function to enhance WNT signalling in response to low-dose WNT proteins (de Lau et al. 2012) . The development of an Lgr5-eGFP-iresCreERT2 knock-in mouse allows the lineage tracing and fate determination of stem cells expressing LGR5 (Barker et al. 2007 ). Lineage tracing experiments using this knockin mouse has revealed a role for LGR5 in stem cells in a wide variety of tissues (Koo & Clevers 2014 ).
Summary of potential CSC markers
In general, the use of the above markers to search and define ovarian CSCs is based on their empirical association with stemness in other systems. The exact functions of these markers, which are relevant to 'stemness', are poorly understood due to either a current lack of understanding of the biological functions of the marker, or frequently the lack of information correlating the varied isoforms, splicing variants or substrates to stem cell function. Similar confusion surrounds the role of many of these markers in determining the prognosis for ovarian cancer patients. Differences in methodology for marker detection and, importantly, the exact method for scoring marker expression are the reasons often cited for conflicting reports in the literature. In particular, the decisions for establishing the thresholds for positive marker expression become critical given that the expression of a CSC marker may be highly relevant even when it is restricted only to rare cells within the tumour.
Somatic stem cells; precursors to HGSEOC

Tissue of origin of HGSEOC
Historically, the origin of human EOC was presumed to be in the OSE, or in the epithelial lining of inclusion cysts that had arisen from the OSE (Bell & Scully 1994 , Feeley & Wells 2001 , Bell 2005 , Auersperg et al. 2008 , Pothuri et al. 2010 . Recently, growing evidence has challenged this theory and identified the secretory cell of the distal fallopian tube as the putative EOC precursor (Dubeau 1999 , Piek et al. 2001 , Carcangiu et al. 2004 , Lee et al. 2007 , Carlson et al. 2008 , Mehra et al. 2011 . The balance of evidence suggests that the distal FTE is a major site of origin of HGSEOC; however, the OSE or derived cortical inclusion cysts are likely to also contribute progenitors to this disease (Roh et al. 2009 , Crum et al. 2012 , 2013 .
Somatic stem cells of the OSE
While the OSE has been suggested to be largely composed of somatic stem cells (Bowen et al. 2009 ), a number of recent studies have sought to attribute stem cell properties only to the subsets of cells on the ovary. The somatic stem cells in the OSE have been investigated in three distinct contexts: potential stem cells able to regenerate germ cells (Parte et al. 2011 , Patel et al. 2013 , Virant-Klun et al. 2013a , potential stem cells that give rise to granulosa cells (Hummitzsch et al. 2013) , and more traditional somatic stem cells whose role is to replenish the OSE following ovulatory wounding (Szotek et al. 2008 , Motohara et al. 2011 , Usongo & Farookhi 2012 , Auersperg 2013 , Flesken-Nikitin et al. 2013 , Ng et al. 2014 . While this review focuses briefly on studies that have addressed somatic stem cells that are thought to be required for ovulatory wound repair, the relationship with the HGSEOC of the two former potential stem cell pools cannot be discounted.
The first rigorous search for an OSE stem cell exploited the relative quiescence of the somatic stem cells using chromatin labelling with both BrdU and H2B-GFP. The LRCs were identified in murine OSE 3 months after transient labelling (Szotek et al. 2008) . Importantly, the LRCs were able to enter a proliferative phase during ovulation in vivo and to have enhanced growth potential in vitro.
Two other studies have identified sporadic residents of the OSE as potential somatic stem cells. Gamwell et al. (2012) have examined candidate markers in the SP fraction of cultures of murine OSE. SP cells derived from murine OSE were enriched in the stem cell markers LY6A and CD117 . LY6A
C cells were sphere forming in vitro and are rare residents of the OSE in vivo. WNT signalling is frequently associated with somatic stem cells; in the adult mouse, potential adult stem cells with active WNT signalling were identified in low numbers (w0.2%) in the OSE in vivo and were found to be enriched in the drug-resistant SP fraction in vitro (Usongo & Farookhi 2012) . It is unclear whether cells described in these three studies (Szotek et al. 2008 , Usongo & Farookhi 2012 describe similar overlapping populations of cells.
As opposed to the identification of rare cells within the OSE, Motohara et al. (2011) and cMYC. In a second study, murine OSEs with ALDH1 expression and enhanced sphere-forming capacity were found to be most prevalent in OSE in the hilum region of the ovary (Flesken-Nikitin et al. 2013) . In vivo, ALDH1 C cells were shown to be quiescent through long-term retention of BrdU and expressed the stem cell markers LGR5 and CD133. Exploiting transgenic mice which allow lineage tracing of cells expressing transcripts from the Lgr5 promoter, it was shown that LGR5-expressing OSE reside predominantly in the hilum, but over time give rise to LGR5 K OSE covering the entire ovary. More recently, Ng et al. (2014) have confirmed the utility of LGR5 expression for the identification of putative OSE stem cells; however, in contrast to Fleskin-Niitin et al. (2013) , LGR5 expressing cells were found not only in the hilum region, but also throughout the surface of the ovary with highest concentrations noted in inter-follicular regions and regions adjacent to ovulatory rupture wounds. Lineage tracing suggested that multiple LGR5 C cells are recruited to effect ovulatory wound repair, and the location of these LGR5 C stem cells at inter-follicular regions may be important for the rapid repair of ovulatory wounds (Ng et al. 2014) .
While most studies have been done in mice, the expression of stem cell markers (NANOG, SFRP1, LHX9, ALDH1A1 and ALDH1A2) in human OSE, cortical inclusion cysts and FTE has been assessed by immunohistochemistry (Auersperg 2013) . While prevalent expression of these markers was found in all of the above noted tissues, cortical inclusion cysts showed increased ALDH1A1 and decreased SFRP1 (WNT antagonist), suggesting increased WNT signalling. In the fallopian tube, a significant enrichment of cells expressing stem cell markers was noted in the distal versus proximal end, consistent with the role of the distal fallopian tube in the initiation of HGSEOC (Crum et al. 2012) .
Somatic stem cells of the oviduct/fallopian tube
Other studies have searched for somatic stem cells of the fallopian tube (oviduct in mouse) epithelium which is largely populated by either ciliated or secretory cells (Schulte et al. 1985) . Two studies have exploited the quiescent phenotype of somatic stem cells and assessed the oviduct for LRC (Wang et al. 2012 , Patterson & Pru 2013 . The cells identified in these two studies are phenotypically distinct based on the presence (Patterson & Pru 2013) or absence (Wang et al. 2012 ) of CD117. LRC described by Wang et al. (2012) did not express LY6A, CD44, or LGR5. In human, a detailed analysis of the fallopian tube identified a basally located cell (EPCAM C , CD44 C , ITAG6 C , KRT5 C ) that did not express markers of ciliated (TUBB4) or secretory (PAX8) cells (Paik et al. 2012) . This putative stem cell was able to form spheres in matrigel containing differentiated ciliated and secretory cells as well as CD44
C basally located cells. Relevant to EOC, tubal intraepithelial carcinomas (TIC) and fallopian tube serous carcinomas were found by immunohistochemistry of patient samples to stain strongly for CD44 and KRT5. In addition, while CD44 C /KRT5 C cells are rare in normal FTE, increased KRT5 and CD44 immunohistochemical staining was evident in normal appearing epithelium located within the sections of fallopian tube presenting with serous carcinomas.
Somatic stem cells and epithelial cell plasticity
Independent studies searching for somatic stem cells of the OSE or the fallopian tube/oviductal epithelium have identified varied candidates (Fig. 2) . The dogma suggests a strict cellular hierarchy within tissues in which somatic stem cells are able to both self-renew and asymmetrically divide leading to the generation of progenitors which can fully differentiate into the cell types resident in the tissue. This cellular hierarchy has been challenged by recent studies (Mannik et al. 2010 , Rompolas et al. 2013 , Tata et al. 2013 which have shown that differentiated epithelial cells can dedifferentiate to assume the functions of the somatic stem cell. In addition, induction of epithelial-mesenchymal transition (EMT) by TGFb or by other means has been shown to increase the stemness of both mammary (Mani et al. 2008 ) and ovarian surface epithelial cells . This research may indicate a greater cellular plasticity that departs from the strict dogma of stem cell hierarchy and might explain why different methodologies may identify distinct candidates with stem cell potential. More importantly, this research indicates that the somatic stem cell hierarchy may not be intrinsic to the stem cell, but rather may be defined by the organisation of the tissue and stem cell niche. Possibly, tissue architecture is the main determinant of stem cell identity, maintenance and regulation. This raises the concept that the stemness of cancer may not necessarily reflect an origin from somatic stem cells, but rather may result from a loss of tissue architecture and a resulting deregulation of the stem cell pool.
Cancer stem cells and HGSEOC
Historical
While the CSC hypothesis has recently provided a new course for the study of cancer, the concept of an ovarian CSC was described in 1977 (Hamburger & Salmon 1977) with the development of a clonogenic soft agar assay. Hamburger and Salmon even highlighted two main areas of research that currently resonate through the field of CSC research: namely, the need to characterise the subpopulation of CSCs including their cell surface antigens and the need to evaluate the efficacy of therapeutic modalities for the eradication of this subpopulation of CSCs. The concept of self-renewal was further investigated by studying the kinetics of colony formation in methylcellulose of both primary EOC cells and the replating or passaging of these primary colonies to form secondary colonies (Buick & MacKillop 1981 , ).
Marker based identification of CSCs
More recent approaches for studying the role of stemness in EOC are based on the identification of putative stem cell markers in EOC and the validation that these markers identify a subpopulation of cells with enhanced tumourigenic potential. In some instances, sufficient numbers of cells required for studying rare populations can be derived from primary patient material (Curley et (Garson et al. 2012) .
Rather than reviewing the literature in a strictly chronological order, the contribution of the putative CSC markers to defining an ovarian CSC will be presented.
SP analysis
The earliest marker-based purification of ovarian CSCs (Szotek et al. 2006) was the identification of an SP fraction in the MOVCAR 7 cell line derived from the MISIIR-TAg murine transgenic model (Connolly et al. 2003) of EOC. Compared with the non-SP fraction of cells, the SP fraction of MOVCAR 7 cells was more tumourigenic, showed reduced numbers of cells in S-phase (quiescence), greater proliferative potential in long-term cultures and expressed ABCG2 and the stem cell marker CD117 (C-KIT). Other stem cell markers were either not differentially expressed between the SP and non-SP fractions (CD44), or not expressed at all (CD24 and LY6A).
In a separate study, the SP fraction of a primary human EOC xenograft line, PDOVCA#1, was found to be more tumourigenic than the non-SP fraction (Moserle et al. 2008) . Interestingly, unsorted cells appeared more tumourigenic than either fraction alone. It was not clear whether unsorted cells were less 'stressed' without Hoechst binding and FACS, whether a mechanism of synergy between these two cell populations led to enhanced tumourigenicty or if a significant tumourigenic population of cells was not defined by the SP or non-SP fractions. A third study showed enhanced tumourigenicity of the SP fraction for primary patient EOC ascites, OVCAR3 cells and A2780-CP cells. The SP fraction or Hoechst dim cells expressed ABCG2 and the stem cell markers OCT4, NANOG and STELLAR (Hu et al. 2010) . ' We believe that application of such simple in vitro culture techniques for studies of human tumor stem cells from primary explants will prove of clinical importance. First, the technique permits characterization of many of the biophysical properties of tumor stem cells, such as sedimentation velocity, fraction in the S phase as determined by cell death as a result of treatment with tritiated thymidine, and surface antigenic features. Second, formation of in vitro colonies may prove a more sensitive indicator of occult metastatic disease than standard pathological studies. Third, such an assay could potentially be applied to develop individualized predictive trials of anticancer drugs in a manner analogous to techniques used for selection of antibacterial agents. Finally, full realization of the clinical application of bioassay of human tumor stem cell colonies with regard to their sensitivity to drugs, hormones, immunological agents, heat, and radiation could lead to major advances in clinical oncology.' (Hamburger & Salmon 1977) .
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While the SP assay is useful for enrichment of putative stem cells, the retention of Hoechst dye within cells in this assay reflects a dynamic interplay between drug efflux and dye retention based on DNA content. In primary human EOC, frequent aneuploidy makes this analysis challenging and ideally requires strategies to gate solely on tumour cells with the removal of normal cells from the analysis (Golebiewska et al. 2011) .
CD44
CD44 was implicated in EOC when the loss of its expression in a subline of the OV1/P cell line correlated with the loss of the malignant phenotype (Teyssier et al. 1992) . More recently, CD44 and CD117 were found to be co-expressed in w80% of EOC cells in spheroid cultures, but the abundance of co-expressing cells dropped to !0.2% in xenografts derived from these spheroids or in cells from a primary patient serous adenocarcinomas. Importantly, as little as 100 CD44 C / CD117
C cells were able to form subcutaneous tumours in nude mice, whereas CD44 K /CD117 K failed to form tumours when 10 000 (xenografts) or 100 000 cells (spheroids or primary patient) cells were injected (Zhang et al. 2008) . CD44
C cells from patient ascites also formed the basis of an interesting in vitro ovarian CSC model (Alvero et al. 2009 ). Only CD44 C cells were able to form spheroids which stably maintained a high percentage (O90%) of CD44 C cells over multiple passages (O20). This spheroid model has been exploited to examine chemoresistance, the epithelial-mesenchymal transition and the roles of pro-inflammatory pathways in CSC self-renewal (Alvero et al. 2009 . Finally, CD44 in conjunction with CD24 and EPCAM has been used to identify an enriched tumourigenic population within the OVCAR5 cell line (Wei et al. 2010) .
One limitation of the use of CD44 as a marker for the enrichment of EOC cells with stem-like properties is the heterogenous expression of this marker in EOC. In a series of human EOC patient samples, the percentage of CD44 C cells within samples varied from 0.5 to 85% (Kryczek et al. 2012) . In addition, not all studies have found that CD44 expression defines a subpopulation of cells in primary patient samples that is enriched for TICs (Stewart et al. 2011) . It is also important to appreciate that most enrichment strategies based on the CD44 marker do not discriminate between the various isoforms. There has been some interest in defining isoforms which might be important for EOC pathogenesis (Shi et al. 2013) , and perhaps certain isoforms of CD44 might more rigorously or consistently define an enriched CSC population.
CD133
Estimation of the percentage of EOCs that harbour subfractions of cells expressing CD133 ranges from 40% (Baba et al. 2009 ) to 100% (Stewart et al. 2011) . Likewise, the size of CD133 expressing subpopulations within individual EOC samples shows high variability with ranges of !15% (Baba et al. 2009 , Kryczek et al. 2012 to as much as 92% (Stewart et al. 2011 ). While one study described enhanced tumourigenicity in clonal spheroid lines which lacked CD133 expression (Kusumbe et al. 2009 ), most other studies have shown, albeit inconsistently, an association of CD133-expressing cells and tumourigenic potential (Curley et al. 2009 , Silva et al. 2011 , Stewart et al. 2011 , Kryczek et al. 2012 , Kulkarni-Datar et al. 2013 .
Two studies have investigated the role of combined markers CD133 and ALDH (Silva et al. 2011 , Kryczek et al. 2012 and found them to define a subpopulation enriched in TICs. Similarly, CD133 combined with the murine stem cell marker LY6A defined a tumourigenic subpopulation of a murine EOC cell line (Kulkarni-Datar et al. 2013) . The role of CD133 alone in defining enriched populations of CSC has also been examined in primary human tumour/ascites cells (Stewart et al. 2011) and primary human tumour cells passaged in NOD/ SCID xenografts (Curley et al. 2009 ). Curley et al. (2009) have found that CD133 C cells in passaged xenografts defined a subpopulation of cells that were enriched in TICs; however, residual tumourigenic potential was also found in the CD133 K subpopulation. Stewart et al. (2011) examined 15 EOCs in detail and reported that TICs could be entirely accounted for the CD133 C fraction in 8/15 cases, enriched in the CD133 C fraction but also present in the CD133 K fraction in 5/15 cases or found almost entirely in the CD133
K subpopulation of cells in 2/15 cases.
While CD133 is useful to define enriched TIC populations in many EOC samples, similar to CD44, the lack of correlation in all samples suggests that the EOC TIC or CSC population may be heterogeneous with respect to the expression of this marker. CD117 CD117, expressed in over 70% of EOC (Tonary et al. 2000) , was found as a single marker to enrich for TICs derived from human EOC cell xenografts (Luo et al. 2011) . The penetrance of tumourigenicity of the CD117-expressing cells was 33% when 1000 cells were injected, suggesting that CD117 alone afforded only a modest enrichment of TICs. As detailed earlier in this review, CD117 has also been used in conjunction with CD44 to define an enriched subpopulation of TICs in primary EOC cells, passaged spheroids and xenografts (Zhang et al. 2008) . While CD117 shows some promise as a marker of ovarian CSC, by flow cytometry, its expression was only detected in w45% of primary EOCs (Stewart et al. 2011) , limiting its use for the study of CSC in the majority of ovarian cancer cases. 
CD24
CD24 expression is highly variable in EOC (7-100%; Kryczek et al. 2012 ) and its high prevalence in some patient samples limits its potential to enrich subpopulations. Sorting CD24 C -expressing cells from cloned spheroid cell lines showed enhanced tumourigenicity of the CD24
C cells in nude mice over CD24 K cells (Gao et al. 2010) . CD24 was also used as a marker for the tumourigenic subpopulation of cells in the OVCAR5 cell line when used in conjunction with CD44 and EPCAM, as described earlier in this review (Wei et al. 2010) . In contrast to the use of CD24 to positively select for cells with enhanced tumourigenicity, CD24
K cells were shown to enrich for highly tumourigenic cells derived from spheroid cultures of the 3AO cell line (Shi et al. 2010 ).
Summary of marker-based purification of CSC
What is apparent from research to date is that the current markers fail to consistently enrich for the CSC phenotype across ovarian cancer samples (Table 1) . In some instances, markers can positively, negatively or fail to enrich for CSC depending on the samples or study. In addition, a putative marker will not have a broad utility if it is not detectable in a sizeable proportion of ovarian cancers or if it is expressed in 100% of the cells within a tumour. This may be an indication that the utility of markers for defining TICs or CSC may depend on the environment of the cell, a concept that may explain the inconsistent correlation of these markers to a stemness phenotype.
Limitations of the TIC xenograft assay
The 'take home' message from research identifying EOC CSC presents a simple paradigm to explain chemoresistance and disease recurrence that may shape important directions for the development of novel therapeutics. While it is tempting to adopt this new paradigm, it is important to recognise the true complexity of this field of research. The gold standard for validating the presence or enrichment of CSCs is a measure of their efficiency to form tumours in immunocompromised mice; however, the underlying assumptions of this assay are controversial (Rahman et al. 2011) .
Mathematics of CSC enrichment
Kern & Shibata (2007) applied a mathematical analysis to published studies and raised some important considerations. First, the marker-based enrichment of CSC often leads to populations in which the frequency of the putative TICs is !5%. Gene expression or pathway analyses on enriched but impure subpopulations will likely be informative about the majority of cells which are not believed to be CSC. Second, as we strive toward enriching subpopulations of cells for CSC, there is a risk of excluding CSCs that are not defined by the chosen markers. This latter concern was noted by Stewart et al. (2011) in their analysis of TIC enrichment of subpopulations of EOC cells expressing the CD133 marker. Through example, in one of their samples, they reported a 25-fold enrichment of TICs in the 1% CD133 C subfraction. While, superficially, this seemed quite promising, they estimated that over 80% of the TICs were actually found in the CD133 K fraction. This exemplifies why a measurement of CSC or TIC enrichment alone does not fully describe the dynamics of CSC in the cell population being analysed.
A third concern raised by Kern & Shibato (2007) was the mathematical integrity of xenograft assays. Roughly, there should be a mathematical equivalence of the Positive indicates that the presence of indicated marker was used for cell sorting.
c Negative indicates that the absence of the indicated marker was used for cell sorting.
R66 K Garson and B C Vanderhyden number of TICs in an unfractionated sample and the sum of the number of TICs in marker purified and marker excluded populations. In some instances, TICs in enriched subpopulations are many fold higher than can be accounted for in the unsorted sample (O'Brien et al. 2007 , Stewart et al. 2011 . In other instances, TICs in sorted populations are under represented. While under representation of TICs can be explained, in part, by gating strategies for FACS which often exclude cells with 'borderline' levels of marker expression, in some instances (Stewart et al. 2011) , !5% of expected TICs are accounted for in the positively and negatively sorted populations. Rahman et al. (2011) reviewed the possibility that marker selection, in addition to enriching for TICs, may also enrich for supporting cells or negatively select for cells inhibitory to TICs. Dramatic deviations from expected results in the TIC xenograft assay may be informing us of important mechanisms at play outside of the simple CSC paradigm.
Influence of the recipient environment
Ultimately, the TIC xenograft assay measures not only the self-renewal potential of tumour cells, but also demands that candidate cells survive isolation, purification and xenograft methodologies. In addition, properties which allow candidate cells to either migrate or establish their own niche are likely essential for successful tumour outgrowth. Perhaps, the most dramatic illustration of the role of survival in the murine host was reported for melanoma. The TIC frequency for melanoma was originally estimated to be !0.001% when assayed in NOD/SCID mice. When similar assays were conducted using more immunocompromised mice, NOD/SCID IL2Rg null (NSG), in conjunction with the co-injection of cells with matrigel, the TIC frequency rose to over 25% (Quintana et al. 2008) . Similarly, when the impact of the host mouse on measured TIC frequencies was determined for human EOC cells, significant increases in TICs were observed in 4/10 patient samples when assayed in NSG as opposed to NOD/SCID mice (Stewart et al. 2011) . While these increases were not as dramatic as those observed for melanoma, they reinforce the notion that host factors also shape the outcome of TIC assays.
EMT and stemness
While the immune status of the host mouse may shape which cells are successfully able to engraft and form tumours, other cell phenotypes may also favour survival and engraftment. In the mammary somatic and CSC field, EMT has been found to transition non-stem cells into stem cells (Mani et al. 2008) . A role of EMT in stemness of the OSE has also been shown . A recent experimental model of inducible EMT for squamous cell carcinoma (SCC) has elegantly shown that an ability to transition reversibly between epithelial and mesenchymal states may be important for metastasis and subsequent outgrowth of the metastatic tumour (Tsai et al. 2012 ). While this model was restricted to SCC, a role for EMT in metastasis of EOC has been proposed (Lili et al. 2013) . Potentially, EOC cells with an enhanced capability to undergo EMT may have reduced anoikis (Huang 2013), enhanced motility and invasiveness, properties that might favour their survival, engraftment and tumourigenicity in the TIC xenograft model. While the literature does not support a consistent association of ovarian CSCs and the mesenchymal phenotype, models of a metastable phenotype which endows putative stem cells with the capability to readily transition between epithelial and mesenchymal phenotypes (Jordan et al. 2011 , Thomson et al. 2011 , Lu et al. 2013 ) may apply to EOC.
While the TIC xenograft assay is core to our attempts to understand subpopulations of EOC cells with CSC phenotypes, it is important to appreciate the shortcomings of this assay to ensure sound interpretation of the data. It is also evident that a more complete understanding of the data emerging from the TIC xenograft assay can be achieved through the limited dilution analysis, measuring the frequency of TICs in the unsorted cells, the positively sorted cells and the negatively sorted cells. While this approach is onerous due to the requirement for significant amounts of primary EOC cells and sufficient resources to undertake large-scale xenograft assays, the ensuing data will strengthen our understanding of CSC in EOC.
Conclusion
The relatively slow progress in improving the outcomes of EOC patients highlights the need for new therapeutic approaches. On the surface, the CSC hypothesis provides a simple explanation of the eventual failure of therapeutic options, the recurrence of the disease and chemoresistance. The main goal of this review was to highlight some of the recent studies which have demonstrated unique subpopulations of EOC cells with stem-like properties and to also highlight some of the controversy over the interpretation of data from the TIC xenograft assay. Highlighting such weaknesses can only broaden our interpretation of potential mechanisms that might be contributing to the pathogenesis of EOC and hopefully define new research avenues to unravel the complex phenotype of various subpopulations of EOC cells.
Currently, while markers such as CD133 and CD44 have been frequently exploited to enrich for putative CSC, no consensus has emerged. It is certainly possible that across patients and even within patients that EOC cells with stem-like properties may display a changing spectrum of markers, potentially dependent on tumour microenvironment. Also, still controversial for many solid cancers, and certainly unknown for EOC, is the possibility that 'stemness' does not define a type of cell within the tumour, but rather a cell state or states that can be transient and potentially induced by the tumour microenvironment. If the strict structural hierarchy of normal tissues is an important factor in the regulation of somatic stemness, the loss of a conserved architecture in tumours may lead to the dysregulation of stemness and perhaps the normal markers associated with stemness. A 'cell state(s)' model of the CSC hypothesis would still demand an understanding of the stem-like, albeit transient, CSC population to ensure efficient therapeutic targeting; however, elimination of cells in the non-CSC state would also be required to eliminate their potential to change state and contribute to continued tumour growth. Despite the uncertainty of optimal markers defining CSC or TICs or even the strict hierarchy that may describe CSC in EOC, recent studies have defined tumourigenic populations, perhaps with robust survival properties, that are often chemoresistant and unlikely to be targeted by standard treatment regimes. Evidence of a subpopulation of ovarian CSCs, resistant to conventional therapies, provides an opportunity for a retooling of our therapeutic approach to EOC with the hope of better disease management.
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